We report the first example of the fabrication of pure, single-chain Janus particles (SCJPs). The SCJPs were prepared by double-cross-linking an A-b-B diblock copolymer in a common solvent. Inevitably, the double-cross-linking led to a mixture containing not only SCJPs but also multichain particles and irregular single-chain particles. Under well-controlled conditions, the SCJPs in the mixture selfassemble with high exclusivity to form regularly structured macroscopic assemblies (MAs) with a crystal-like appearance that precipitate from the suspension. Pure SCJPs that are uniform in size, shape and Janus structure were efficiently prepared by collection and dissociation of the MAs. Block copolymers with different structural parameters were successfully used for the exclusive self-assembly (ESA), and pure SCJPs with varied structural parameters were produced, confirming the reliability of the ESA method.
C ollapse of a single linear polymer chain into a single-chain polymeric nanoparticle, which is reminiscent of the folding of proteins, has been studied in great detail.
1−3 By covalent or noncovalent intrachain cross-linking, spherical, 4−6 polymer-chain tethered, 7−9 dumbbell-like 10, 11 and Janus-like 12 single-chain nanoparticles (SCNPs) can be generated. SCNPs can be as small as a few nanometers. The small size of SCNPs gives them promising applications in catalysis, 13−16 drug delivery, 17 bioimaging, 18 and fabrication of ultrathin film on the surfaces of proteins. 19 However, due to the statistical conformation of polymer chains and the kinetically controlled cross-linking process, there are large morphological and structural deviations among different SCNPs produced in the same cross-linking system. 20, 21 Even in a system where intrachain cross-linking is dominant, mixtures of SCNPs of various sizes, morphologies, and structures are produced, 4, 5, 22 which result in SCNPs with complex and unpredictable properties and behaviors.
On the other hand, Janus particles, one of the most common anisotropic particles have been extensively studied. 23, 24 It is possible that the ideally structured product of the cross-linking of A and B blocks of an A-b-B diblock copolymer, respectively, in a common solvent could be a single-chain Janus particle (SCJP). As depicted in Scheme 1, an SCJP is composed of A and B, which are two regular SCNPs that are closely connected but completely phase separated. However, double-cross-linking inevitably produces a large proportion of irregular single-chain particles (ISCPs) along with SCJPs; when the polymer concentration is not sufficiently low, double-cross-linking also produces a considerable amount of multichain particles (MCPs) due to interchain cross-linking. Notably, existing methods cannot separate SCJPs from the coexisting ISCPs since the particles are similar in size, composition and solution properties (as explained below). In addition, the existing methods for preparing Janus particles cannot produce polymeric Janus particles of such small sizes. Therefore, the preparation of pure SCJPs remains a major challenge.
In the present study, we double-cross-linked an A-b-B diblock copolymer by cross-linking the A and B blocks, respectively, in a common solvent, leading to a mixture containing MCPs, SCJPs, and ISCPs. Under well-controlled conditions, SCJPs in the mixture exclusively self-assembled into regularly structured macroscopic assemblies (MAs) with a crystal-like appearance, and they precipitated from the suspension; the MCPs and ISCPs self-assembled into nanoaggregates and remained dispersed in the suspension (Scheme 1b). The exclusive self-assembly (ESA) of the SCJPs has some similarities to the recrystallization of small molecules, including the exclusivity of the aggregation and the crystal-like appearance and the macroscopic size of the assemblies. By collecting and then dissociating of the MAs, pure SCJPs that are several nanometers in size and uniform in shape and Janus structure were efficiently prepared (Scheme 1d). The preparation of pure SCJPs and the recrystallization-like ESA of the synthetic polymer are very significant and have never been reported. Furthermore, diblock copolymers with different structural parameters were successfully used for the ESA, efficiently producing pure SCJPs with various structural parameters, confirming the reliability of the processes.
The diblock copolymer poly(2-(methacryloyloxy)ethyl pent-4-ynoate)-r-poly(hydroxyethyl methacrylate))-b-poly(2-(dimethylamino) ethyl methacrylate ((PMAEP-r-PHEMA)-b-PDMAEMA; the alkyne groups are randomly distributed in the PMAEP-r-PHEMA block) was prepared according to the processes described in S2 of the Supporting Information. Seven kinds of (PMAEP-r-PHEMA)-b-PDMAEMA with different structural parameters were synthesized (S3 in the Supporting Information).
For each of the diblock copolymer, the two blocks were double-cross-linked in methanol as the common solvent (S4 and S5 in the Supporting Information) by first cross-linking the PMAEP-r-PHEMA block through a Glaser coupling of the pendent alkyne groups and then cross-linking the PDMAEMA block through a quaternization reaction. We started this study from (PMAEP 107 -r-PHEMA 227 )-b-PDMAEMA 296 (P1) in which the two blocks have similar lengths. First, we crosslinked the PMAEP 107 -r-PHEMA 227 block in methanol at a concentration of 1.0 mg/mL; the final cross-linking degree was 29% (S4 in the Supporting Information). The mixture resulting from this reaction is denoted as P1−29. Second, we concentrated the P1−29 solution and cross-linked the PDMAEMA 296 block at a concentration of 8.0 mg/mL, and the cross-linking degree of the PDMAEMA block was 28%. The final mixture of the double-cross-linking is denoted as P1−29−28. (29 and 28 represent the cross-linking degrees of the two blocks.) For SCNPs formed by intrachain crosslinking, the SCNPs have been reported to develop a substantially collapsed structure when the cross-linking degree is greater than 25% (S6 in the Supporting Information). 25 Because the two cross-linking reactions were conducted at relatively high concentrations of 1.0 and 8.0 mg/mL, respectively, interchain cross-linking is inevitable; P1−29−28 should be a mixture containing both MCPs and SCNPs. The GPC curve of P1−29−28 (blue curve in Figure 1a ) shows two peaks: the right peak at a retention time of 12.4 min (longer than that of P1 (12.2 min)) is assigned to the SCNPs (peak SCNPs ) and the left peak at 11.9 min is assigned to the MCPs (peak MCPs ). The weight fractions of the SCNPs and MCPs were calculated to be 58.6% and 41.4%, respectively (S7 in the Supporting Information). The coexistence of MCPs and SCNPs in P1−29−28 was also confirmed by DLS measurements (blue curve in Figure 1b) .
The self-assembly of P1−29−28 was conducted in a water/ methanol (5/1, v/v) solvent mixture (S2 in the Supporting Information); the polymer concentration in the final suspension was 0.33 mg/mL. Macroscopic assemblies (denoted MAs-1) were finally formed in the system ( Figure  1d ; S8 in the Supporting Information). In the FE-SEM images (Figure 1e ; S9 in the Supporting Information), each of the MAs-1 particles has a flat surface, sharp edges, and a size on the order of hundreds of micrometers; the MAs-1 particles exhibit a crystal-like appearance and are macroscopic in size. Elemental mapping analyses confirmed that the MAs-1 particles were formed by the double-cross-linked P1 because the distributions of C, O, N, and I in the polymer are consistent with the morphology of MAs-1 (Figure 1f−i) . The sharp edges and flat surface strongly suggest that the MAs-1 particles have a regular inner structure. As shown in the SAXS pattern (Figure 1c) , two distinct peaks appear with a q ratio of 1:2, indicating a lamellar structure with a d-spacing of 4.21 nm. Notably, except for a few recently reported cases where block co-oligomers were used, 26 the formation of a lamellar structure with a period less than 5 nm is significant and has seldom been achieved from the self-assembly of synthetic block polymers.
MAs-1 particles dissociated immediately in methanol into small nanoparticles, as confirmed by DLS analysis; the dissociation in DMF was confirmed by GPC measurements (orange curves in Figure 1a,b) . The small nanoparticles recovered by dissociation of MAs-1 are the SCNPs according to the size measured by GPC and DLS (indicated by the dashed lines in Figure 1a ,b; S3 in the Supporting Information). Notably, the recovered SCNPs are uniform in size, and the polydispersity index (PDI) measured by GPC was 1.06, which is much smaller than the PDIs of P1−29−28 (1.87) and the polymer precursor P1 (1.35). The monodispersity of the size of the recovered SCNPs indicates that the MCP content in MAs-1 should be negligible, and unbiased TEM observations confirmed that no MCPs were present in the TEM images of the recovered SCNPs ( Figure 2a ). As shown in Figure 2a , the recovered SCNPs (stained by RuO 4 ) are regular particles with an aspect ratio of ∼2. Additionally, these particles are uniform in size (L w /L n = 1.010, where L w and L n are the weight-and number-averaged lengths of the particles, respectively; 27 see S10 in the Supporting Information for the statistical results). In the high-magnification TEM images, the recovered SCNPs contain two distinct segments divided by a depression area surrounding the "waist" of the particles (Figure 2c ). The twosegment shape of the recovered SCNPs was also observed by AFM (Figure 2e ). Comparing the TEM images of RuO 4 -stained P1−29 (Figure 2b,d) with those of the identically stained recovered SCNPs revealed that one P1−29 particle is similar to half (one segment) of one of the recovered SCNPs. This result not only strongly supports the two-segment shape of the recovered SCNPs but also reveals that the two segments are the cross-linked PMAEP 107 -r-PHEMA 227 block and the cross-linked PDMAEMA 296 block. Because the molecular weights of the two blocks are similar, in the sufficiently collapsed state the two segments have similar sizes, which is consistent with the TEM and AFM observations. The two segments are relatively regular and are closely connected but completely phase-separated. Therefore, the recovered SCNPs are close to ideally structured SCJPs and are thus denoted SCJPs-1.
After the separation of the MAs-1, the nanoaggregates dispersed in the suspension were isolated, characterized and dissociated in methanol into the primary building blocks (S11 in the Supporting Information). Based on a combination of TEM observations (S11 in the Supporting Information) and GPC and DLS analyses (purple curves in Figure 1a,b) , the primary building blocks of the nanoaggregates dispersed in the suspension are mainly MCPs and ISCPs. As previously mentioned, no MCPs coexisted with the SCJPs-1 recovered from the dissociation of the MAs-1. Furthermore, unbiased TEM observations revealed no considerable ISCPs coexisting with the SCJPs-1. Therefore, the MAs-1 are formed from pure SCJPs-1. Importantly, during the self-assembly, the pure SCJPs-1 exclusively self-assembled into the macroscopic assemblies that then precipitated from the suspension, whereas the MCPs and ISCPs self-assembled separately into nanoaggregates that remained dispersed in the suspension. These observations reveal that the self-assembly of SCJPs-1 excludes both MCPs and ISCPs. To further confirm this conclusion, P1−27−27 (the cross-linking degrees of the two blocks of P1 are 27%) was prepared by cross-linking the two blocks of P1 at a low polymer concentration of 0.5 mg/mL (S4 in the Supporting Information). The GPC and DLS analyses demonstrated that P1−27−27 is mainly composed of SCNPs (Figure 3a,b) .
The self-assembly of P1−27−27 was conducted under the same conditions and through the same processes used for the self-assembly of P1−29−28. Macroscopic assemblies (MAs-2) formed and precipitated from the suspension. Each of the MAs-2 particles has a flat surface, sharp edges and a size on the order of hundreds of micrometers; the MAs-2 particles also have a crystal-like appearance and are macroscopic in size (Figure 3d) . Elemental mapping images confirm that MAs-2 were formed by P1−27−27 (Figure 3d) . Additionally, based on the SAXS pattern, each MAs-2 has a highly regular lamellar structure with a d-spacing of 4.27 nm (Figure 3c ), which is similar to that of MAs-1 (4.21 nm) because both MAs-1 and MAs-2 were derived from the same polymer precursor, P1. In methanol, MAs-2 particles dissociated into the SCNPs, denoted recovered SCNPs-2. As previously mentioned, P1− 27−27 is mainly composed of SCNPs. Based on the DLS measurements, R h (the Z-averaged hydrodynamic radius) of recovered SCNPs-2 is 4.1 nm, which is close to that of P1− 27−27 (4.3 nm). Nevertheless, compared to the GPC and DLS curves of P1−27−27, those of the recovered SCNPs-2 are narrower and more symmetric ( Figure 3a,b) ; the PDI measured by GPC for the recovered SCNPs-2 is 1.06, whereas that for P1−27−27 is 1.16.
A much greater difference between the recovered SCNPs-2 and P1−27−27 was observed by TEM. As shown in Figure 3e , the recovered SCNPs-2 are SCJPs (denoted SCJPs-2), while P1−27−27 are a mixture containing both SCJPs-2 and ISCPs (S12 in the Supporting Information). Moreover, the unbiased TEM observations demonstrate that the SCNPs recovered by dissociation of the nanoaggregates dispersed in the selfassembly suspension are mainly ISCPs (Figure 3g ). Obviously, MAs-2 particles were formed from pure SCJPs-2; although SCJPs-2 and ISCPs coexisted in the system, SCJPs-2 exclusively self-assembled into MAs-2, which precipitated from the suspension; by contrast, the ISCPs self-assembled into nanoaggregates that remained dispersed in the suspension. Based on the aforementioned results concerning the ESA of P1−27−27 and that of P1−29−28, we concluded that the selfassembly of SCJPs not only excludes MCPs but also the ISCPs. Notably, the separation of SCJPs and the corresponding ISCPs in the mixtures should be very difficult, if not impossible, using existing methods as explained in S13 in the Supporting Information.
In addition, block copolymers with different structural parameters were successfully used for ESA (S14 in the Supporting Information). Five kinds of pure SCJPs with different structural parameters were efficiently prepared by this ESA approach (S10 in the Supporting Information). Each kind of pure SCJP has a narrow size distribution (several nanometers), uniform shape, and Janus structure. Based on the structural parameters of the MAs and SCJPs, we can conclude that the SCJPs self-assemble in an interdigitated manner into lamellar-structured MAs (S15 and 16 in the Supporting Information). The phenomenon that the length of a certain kind of SCJP is apparently larger than the d-spacing of the corresponding MAs sample can be easily explained by the fact that, in the MAs sample, an SCJP is attracted by the surrounding SCJPs in the same layer (S16 in the Supporting Information).
The mechanism of the ESA is clear. During the selfassembly, under marginal conditions, an SCJP in the MA structure can be efficiently stabilized because its size, shape and surface structure match those of the surrounding SCJPs. In contrast, for an ISCP or MCP at the same position, mismatches in the size, shape, and surface structure are substantial and lead to a remarkably higher free energy that cannot be stabilized by the weak attractive interactions (or even repulsive interactions caused by the mismatches) with the surrounding SCJPs (Scheme 1e,f; further explanation of the mechanism is given in S17 in the Supporting Information). As a result, ISCPs and MCPs are excluded from the MAs.
In summary, a series of A-b-B diblock copolymers were double-collapsed by cross-linking the two blocks in a common solvent. During the cross-linking of the polymer chains at a relatively high concentration in a common solvent, interchain cross-linking reactions are inevitable and result in a considerable amount of MCPs. Furthermore, the present study reveals that at either a low or a high polymer concentration, ISCPs are unavoidably produced. Nevertheless, due to the ESA, pure SCJPs were efficiently prepared, and the separation between the SCJPs and the coexisting ISCPs was easily achieved. Additionally, the ESA of SCJPs that excludes not only MCPs but also ISCPs to form macroscopic assemblies with a regular inner structure is similar to the recrystallization of small molecules. The recrystallization-like self-assembly is also unprecedented for synthetic polymers.
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